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ABSTRACT
With a temperature akin to an M-dwarf, WASP-33b is among the hottest Jupiters known, making it
an ideal target for high-resolution optical spectroscopy. By analyzing both transmission and emission
spectra, we aim to substantiate previous reports of atmospheric TiO and a thermal inversion within
the planet’s atmosphere. We observed two transits and six arcs of the phase curve with ESPaDOns on
the Canada-France-Hawaii Telescope and HIRES on the Keck telescope, which provide high spectral
resolution and ample wavelength coverage. We employ the Doppler cross-correlation technique to
search for the molecular signatures of TiO and H2O in these spectra, using models based on the
TiO line list of Plez (2012). Though we cannot exclude line-list-dependent effects, our data do not
corroborate previous indications of a thermal inversion. Instead we place a 3σ upper limit of 10−9 on
the volume mixing ratio of TiO for the T-P profile we consider. While we are unable to constrain the
volume mixing ratio of water, our strongest constraint on TiO comes from day-side emission spectra.
This apparent absence of a stratosphere sits in stark contrast to previous observations of WASP-33b
as well as theoretical predictions for the atmospheres of highly irradiated planets. The discrepancy
could be due to variances between line lists, and we stress that detection limits are only as good as
the line list employed, and are only valid for the specific T-P profile considered due to the strong
degeneracy between lapse rate (dT/d logP ) and molecular abundance.
Keywords: methods: data analysis — planetary systems — planets and satellites: atmospheres —
planets and satellites: gaseous planets — techniques: spectroscopic
1. INTRODUCTION
Our understanding of the thermal structure and chem-
ical composition of exoplanetary atmospheres has been
significantly aided by recent advancements in both obser-
vational techniques and theoretical frameworks. Ground-
based observations can now provide detailed atmospheric
characterization through high-resolution spectroscopy,
with theoretical models enabling physical interpretation
of the observed spectra based on distinct spectral fea-
tures.
Most observations of exoplanet atmospheres focus on
hot Jupiters, highly irradiated gas giants whose sizes and
temperatures make them ideal targets for spectral char-
acterization. When such a planet is observed in tran-
sit, light from the host star travels through the planet’s
atmosphere at the terminator region and the resulting
spectrum retains signatures of the atomic and molecular
species within. Observing the planet during other orbital
phases, when instead the hot day-side is most visible,
reveals thermal emission from the planet itself. With
high-resolution spectroscopy, individual planetary lines
embedded in the stellar spectrum can then be resolved.
This is possible because the orbital motion of the planet
results in a variation in Doppler shift for planetary lines,
allowing the exoplanet spectrum to be distinguished from
stellar and telluric lines. The telluric features are caused
by the Earth’s atmosphere and dominate our spectra.
High-resolution spectroscopy has provided key obser-
vations of both transiting (e.g., Redfield et al. 2008;
Snellen et al. 2008; Turner et al. 2020) and non-transiting
planets (e.g., Brogi et al. 2012) and has seen remark-
able success from its first detections of numerous atmo-
spheric compounds, including CO (Snellen et al. 2010),
H2O (Birkby et al. 2013), TiO (Nugroho et al. 2017),
HCN (Hawker et al. 2018), and CH4 (Guilluy et al. 2019).
This technique has also been used to explore exoplanets’
physical parameters, such as winds and rotation (e.g.,
Wyttenbach et al. 2015; Louden & Wheatley 2015), and
particularly, atmospheric thermal inversion layers (e.g.,
Nugroho et al. 2017), which we discuss further here.
Thermal inversions are predicted to occur in the
atmospheres of highly irradiated planets when high-
temperature absorbers like TiO and VO absorb incident
radiation. This heats the upper atmosphere, resulting in
rising temperatures with higher altitudes (e.g., Hubeny
et al. 2003; Burrows et al. 2007; Fortney et al. 2008).
However, a number of atmospheric processes have been
proposed that could suppress a thermal inversion. For
instance, TiO/VO may be too heavy to stay suspended
in the upper atmosphere (Spiegel et al. 2009), instead
gravitationally settling to a deeper, colder layer. High-
speed winds could then transport the molecules to the
cooler night-side of the planet, where they may be unable
to re-enter the upper atmosphere if (a) the atmospheric
temperature is too cold for the molecules to exist in a
gaseous phase, and (b) the vertical mixing rate is too
low. This is known as the cold-trap effect (Hubeny et al.
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2003; Spiegel et al. 2009). It has also been suggested
that absorbers could be destroyed through photodissoci-
ation due to increased UV stellar activity (Knutson et al.
2010), or that oxide formation may be inhibited if the
C/O ratio within the planet’s atmosphere exceeds the
solar ratio (Madhusudhan 2012).
In some cases, investigations of thermal inversions have
challenged predictions (e.g., Machalek et al. 2008; Fressin
et al. 2010) and produced conflicting evidence for their
presence/absence in exoplanet atmospheres (e.g., HD
209458b, Knutson et al. 2008; Diamond-Lowe et al. 2014;
Schwarz et al. 2015). It is therefore imperative that we
further investigate hot Jupiters to identify atomic and
molecular species and constrain temperature inversions,
so that we may inform theories pertaining to the thermal
structure of planetary atmospheres.
To this end, we study the hot Jupiter WASP-33b in or-
der to substantiate a previous detection of TiO and indi-
cations of a thermal inversion layer within its atmosphere
(Haynes et al. 2015; Nugroho et al. 2017). WASP-33b or-
bits a quiet A-type δ-Scuti star every ∼ 1.22 days, and
with a temperature of ∼ 2780 K (Chakrabarty & Sen-
gupta 2019), it is one of the hottest exoplanet known. It
has a mass of ∼ 2.1 MJ, and with its high temperature
and inflated radius (∼ 1.6 RJ, Chakrabarty & Sengupta
2019) WASP-33b is an ideal candidate for high-resolution
emission and transmission spectroscopy.
Haynes et al. (2015) investigated the temperature
structure and composition of the day-side atmosphere
of WASP-33b using HST WFC3, finding an oxygen-rich
chemical composition and thermal inversion necessary to
explain their observations. They attributed the thermal
inversion to an excess of flux at short wavelengths best
explained by TiO emission. Nugroho et al. (2017) corrob-
orated this using high-dispersion optical spectroscopy to
observe the day-side spectrum of WASP-33b, reporting
a 4.8σ detection of TiO with a thermal inversion model.
They could not, however, constrain the volume mixing
ratio (VMR) of TiO in the planet’s atmosphere.
In this work we present high-resolution ground-based
optical spectroscopy of multiple transits and phase curves
of WASP-33b, focusing on the spectral signatures of TiO
and water molecules. In Section 2 we describe our obser-
vations and in Section 3 we outline our data reduction
process used to correct various systematic effects. In Sec-
tion 4 we discuss our method of Doppler cross-correlation
used to analyze our spectra, as well as the series of injec-
tion and recovery tests we perform to evaluate the detec-
tion limits of our observations. We provide a discussion
of our results in Section 5. The included appendix details
additional aspects of our techniques.
2. OBSERVATIONS
We observed the phase-curve of WASP-33b at high
spectral resolution during 5 visits with the CFHT Echelle
SpectroPolarimetric Device for the Observation of Stars
(ESPaDOnS; Donati 2003) and during 1 night with the
High Resolution Echelle Spectrometer (HIRES) at the
Keck telescope. In addition, we observed two transits
with ESPaDOnS at the CFHT. Figure 1 depicts the or-
bital phases covered by our observations and Table 1 pro-
vides a more detailed overview.
2.1. CFHT transit & phase-curve observations
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Figure 1. Orbital phases covered during our observations of
WASP-33b (Table 1). The transit and phase curve observations
are shown in purple and teal, respectively. We have shifted the
lines radially so that observations with overlapping phases are dis-
tinguishable.
We observed five phase curve portions and two tran-
sits of WASP-33b using ESPaDOnS at the CFHT. These
data were taken between 2013 September and 2014
November in the Queued Service Observing mode. We
used the ‘Star+Sky’ mode and obtained a resolution of
∼68,000. We used an exposure time of 90 s for all nights,
resulting in an average cadence of ∼130 s1. Due to
weather, observabillity, and time constraints, the dura-
tion of the observations (and therefore number of frames
acquired) varied between each visit. The ESPaDOnS ob-
servations cover the 3697 − 10480 A˚ wavelength range
across 40 orders.
2.2. Keck phase-curve observations
The observations with HIRES at the Keck telescope
spanned eight hours on 2013 October 15 (UT). We used
the red collimator and the E4 grating in order to obtain
a resolution of ∼86,600. We used an exposure time of
90 seconds, and the detector was binned 2 (spatial) by
1 (spectral) in order to reduce overheads, resulting in
an average cadence of ∼ 143 s. During the 8 hours of
observations we acquired 202 frames. The spectra cover
a wavelength range of 3884−8561 A˚ spanning 53 orders
across the 3 detectors. We initially remove three of these
orders due to their very low signal-to-noise (S/N) ratio,
however.
3. DATA REDUCTION
3.1. Initial data reduction and spectral extraction
The CFHT data were extracted by the observatory us-
ing the Upena pipeline which is based on Libre ESpRIT
1 Unlike the longer exposures of most stellar radial velocity
measurements, short-cadence observations are typical of high-
resolution spectroscopy because they avoid smearing the planetary
spectrum due to the fast change in the radial component of the
orbital velocity.
3Table 1
Summary of Observations
Night Date Instrument/Telescope Duration Cadence No. Frames Orbital Phase Max Drift RMS
(UT) (hr) (s) (m/s) (m/s)
1 2013 Sep 14 ESPaDOns/CFHT 3.9 127 110 0.30− 0.44 24 10
2 2013 Sep 25 ESPaDOns/CFHT 1.9 127 55 0.37− 0.44 29 13
3 2013 Oct 15 HIRES/Keck 8.0 143 202 0.67− 0.94 8 4
4 2014 Jan 21 ESPaDOns/CFHT 4.5 129 126 0.91− 0.07 25 11
5 2014 Sep 3 ESPaDOns/CFHT 3.9 128 110 0.56− 0.69 25 6
6 2014 Sep 14 ESPaDOns/CFHT 3.9 128 110 0.55− 0.68 29 9
7 2014 Nov 4 ESPaDOns/CFHT 2.0 130 55 0.31− 0.38 20 7
8 2014 Nov 11 ESPaDOns/CFHT 5.7 130 158 0.90− 0.09 24 9
(Donati et al. 1997), and for our analysis, we use the
unnormalized and wavelength-corrected spectra.
For the HIRES observations, we used a custom IDL
reduction pipeline to perform the basic corrections and
spectral extraction. The pipeline is similar to the one
used in Esteves et al. (2017). The initial steps include
an overscan correction and bias subtraction. After which
we combined the individual flat fields into a master flat,
and traced the orders to determine their position and
width. We corrected the master flat for scattered light
by fitting a polynomial surface to the inter-order light,
masking the orders. This fit was subtracted from the
master flat. For the science frames we followed the same
procedure to correct them for scattered light, after which
we flat-fielded them using the corrected master flat.
The trace of the stellar spectrum was determined by
fitting a Gaussian as a function of wavelength within each
order, and the spectra were extracted by summing up the
flux on a wavelength-by-wavelength basis over ±13 pixels
around the center of the trace. The sky-background was
measured by averaging the flux between 14 and 17 pixels
of the trace, and subtracting it from the flux of the target.
To perform the wavelength calibration, we extracted
the spectra for a set of ThAr frames using the measured
positions of the individual orders, and subsequently we
used the ecidentify routine in IRAF2 to obtain the wave-
length calibrations.
3.2. Alignment, cosmic ray removal, and spectral
normalisation
We interpolate all frames onto a common wavelength
grid in the telluric rest frame to correct for the resid-
ual drift in the pipeline’s wavelength solution (listed for
each night in Table 1). We then correct for cosmic rays
in all data sets by first binning the data and then flagging
all points more than three standard deviations from the
median of the bin. These points are masked as NaNs for
the remaining analysis. Next we correct for the instru-
ment’s blaze response, which is responsible for large-scale
time-dependent systematic effects in the data, and subse-
quently normalize the data. This correction is performed
on each order individually. We first divide all frames by
a reference frame (taken as the first frame of the night).
We then bin the divided spectrum by 200 pixels and fit it
with a second-order polynomial. The polynomial is then
evaluated at the original unbinned wavelength range and
divided out from the original spectrum. For the Keck
data, we additionally remove the last 96 pixels of each or-
2 http://ast.noao.edu/data/software
der due to poor constraints near these edges. This entire
process effectively removes the time-varying blaze func-
tion and its small wavelength scale variations, resulting
in a normalized spectrum.
3.3. Removal of stellar and telluric lines
Following the example of previous works (e.g., Birkby
et al. 2013; Esteves et al. 2017; Deibert et al. 2019), we
use the SYSREM algorithm (Tamuz et al. 2005) to re-
move stellar and telluric lines that are stable over time
while preserving the features from the planet’s atmo-
sphere. The latter vary in time due to the change in
radial velocity of the planet throughout its orbit, and
therefore are not affected by the application of this algo-
rithm, which is designed to remove systematic effects in
a large set of data.
We use the RMS of the data to identify the optimal
number of SYSREM iterations to apply to each spectra
order, and in doing so opted for three iterations. This
appeared to sufficiently remove most stellar and telluric
lines without overfitting, as we found little difference in
the RMS of the data following additional iterations. We
do note that for orders with strong and closely spaced
telluric lines, the blaze correction is less effective and the
SYSREM algorithm performs poorly, resulting in a much
higher RMS for those spectral orders. However, the num-
ber of orders affected by this is minimal and we exclude
these from further analysis. To address this in the re-
maining orders, we weight each pixel by its variance (or
standard deviation squared between frames. This sup-
presses the contamination from noisy pixels, employing
the same method as earlier works (Snellen et al. 2010;
Esteves et al. 2017; Deibert et al. 2019).
4. ANALYSIS
We use the Doppler cross-correlation method of e.g.,
Snellen et al. (2010), Brogi et al. (2012), to analyze
our data. It involves precisely correlating our spectra
with transmission/emission models, and requires high-
resolution data so that individual lines can be resolved.
The more lines there are available, the higher the S/N
ratio of the cross-correlation. We therefore focus on the
molecules H2O and TiO, which are well-suited to such
analysis given the abundance of their lines at optical
wavelengths.
4.1. Atmospheric emission and transmission models
In order to constrain the volume mixing ratios (VMRs)
of water and TiO, we generate a set of models with vary-
ing VMRs of these compounds embedded in an inert H2
4 Herman et al.
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Figure 2. Examples of the model spectra used in our analysis, with a combination of water and TiO molecules with VMRs of 10−3 and
10−8, respectively. In the first column in purple we show our transmission models, while in the second column in teal we show our emission
models. The top row uses our conservative T-P profile, plotted in the top rightmost panel, and the bottom row uses the T-P profile of
Nugroho et al. (2017), plotted in the bottom rightmost panel.
atmosphere. The modelling code is an updated version
of the one used in Esteves et al. (2017).
The models are generated on a wavelength grid be-
tween 4500 and 10,700 A˚ with a constant velocity spac-
ing of 1 km/s. The model atmosphere is calculated across
50 atmospheric layers and the opacities for each layer are
calculated on a line-by-line basis using a plane-parallel
radiative transfer code. For our models we use a line-
wing cut-off of 250 cm−1.
4.1.1. Line lists
For the water molecule we use the HITEMP 2010
line list (Rothman et al. 2010), which has been vali-
dated against archival observations and shown to pro-
duce sharper and more localized detections than other
water line lists available (Gandhi et al. 2020). For TiO,
we use the Plez (2012) line list sourced from their web-
site3, which has been shown to perform the best when
modelling high-resolution spectra (McKemmish et al.
2019). We only consider the 48TiO isotope, which should
be the strongest contributor based on abundance and the
computed partition function. In addition, both H2-H2
collision-induced absorption (Borysow et al. 2001; Bo-
rysow 2002) and Rayleigh scattering are taken into ac-
count in our models.
Notably, earlier works such as Hoeijmakers et al.
(2015), Nugroho et al. (2017), and McKemmish et al.
(2019) have shown that the accuracy of TiO line lists is
wavelength dependent. McKemmish et al. (2019) corre-
late the same Plez (2012) line list as we use with two
observed M-dwarf spectra, and find significant improve-
3 https://nextcloud.lupm.in2p3.fr/s/r8pXijD39YLzw5T?path=%2FTiOVALD
ment over earlier line lists. However, they find that it still
produces a poor correlation with M-dwarf spectra in the
following wavelength ranges: 430-470 nm, 570-580 nm,
590-610 nm, 630-640 nm, 810-820 nm, and 850-900 nm.
We therefore exclude the spectral orders containing these
wavelengths when we perform our cross-correlations.
4.1.2. T-P profiles
We use two different temperature-pressure (T-P) pro-
files, one as used by Nugroho et al. (2017) and one based
on Parmentier & Guillot (2014) obtained via the NASA
Planetary Spectrum Generator (Villanueva et al. 2018).
For ease of reference we refer to the latter as the conser-
vative T-P profile, because the maximum temperature is
slightly cooler than the constrained effective temperature
of WASP-33b based on secondary eclipse measurements
(> 2700 K; Turner et al. 2016, and references therein).
These T-P profiles are shown in the rightmost panels of
Figure 2.
We use the same T-P profiles for both transmission
and emission models. Upon first inspection, this choice
may seem unrealistic, given that the terminator region
probed by our transmission observations is likely cooler
than the planet’s day-side. However, our conservative
T-P profile already underestimates the day-side temper-
ature by a few hundred Kelvin, so this should be a rel-
atively close, if somewhat high, approximation for the
temperature at the terminator. In addition, our mod-
els assume a mean molecular weight of 2.3, meaning
the atmosphere is composed of H2 and He, resulting in
a more pessimistic scale height. The physical parame-
ters used for the planet in our modeling also produce
a higher surface gravity than the most recent literature
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Figure 3. Transmission Spectroscopy: An example of the various steps throughout our analysis for all nights of transit observations
with CFHT combined. In the left column we show the transmission data alone while in the centre column we show the model-injected data
with a water VMR of 10−3 and TiO VMR of 10−8 using the T-P profile of Nugroho et al. (2017). The top panels in these columns show
the cross-correlation maps as a function of velocity, the middle panels show the maps aligned to the planet’s Kp and Vsys, and the bottom
panels show the phase-folded maps. The darker color indicates a stronger correlation. In the right-most panel we show the correlations
phase-folded to the planet’s orbital radial velocity. The black line describes the data and the purple line is the model-injected data. The
dark shaded band shows the 1σ values for each data point, and the light shaded band shows the 3σ values.
suggests: We use the mass from Kova´cs et al. (2013)
(Rp = 1.679 RJ, Mp = 3.27 MJ), while the most re-
cent measurements indicate a mass of ∼ 2.82 MJ and
radius of 1.627 RJ (von Essen et al. 2020). This should
compensate for any overestimation in temperature at the
terminator, meaning our conservative T-P profile should
not be entirely unrealistic for transmission data, and in
fact may be pessimistic in its assumptions.
For each of the T-P profiles we generate models with
a combination of water and TiO (with a grid of VMRs
ranging from VMRH2O = 10
−5 to 10−1 and VMRTiO =
10−10 to 10−6), as well as single-molecule models with
the same VMRs4.
For our subsequent analysis, we remove the continuum
from our models by binning the models by 250 pixels (< 1
nm) and calculating the maximum value in each bin, then
interpolating this estimated upper envelope onto the full
wavelength grid, and subtracting it from the model. We
then convolve each model to the resolution of the data
using a Gaussian kernel, including a broadening term
4 We also compared water VMRs of 10−10 through 10−6, but
saw little impact on the results of our injection and recovery tests
(Section 5).
to account for the rotation of the planet (Brogi et al.
2016), which we add in quadrature. As is expected for
most hot Jupiters, we assume the planet is tidally locked
(Rasio et al. 1996; Marcy et al. 1997), resulting in an
estimated rotation speed of 6.8 km/s. Finally, we use a
cubic spline interpolation to match the wavelength grid
when calculating the cross-correlation function.
4.2. Doppler cross-correlation
Each spectrum taken during the phase curve of WASP-
33b is correlated with the above series of model emission
spectra, while the spectra taken during transit are cor-
related with the transmission models. All models are
Doppler shifted in steps of 1 km/s from −550 km/s to
+550 km/s.
We first scale the cross-correlation signal for all emis-
sion frames by the brightness of the planet at the cor-
responding orbital phase, since frames taken near phase
0.5 (when the dayside of the planet is most visible) are
expected to contain a significantly stronger planetary sig-
nal. We model this variation as a Lambert sphere (Rus-
sell 1916):
6 Herman et al.
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Figure 4. Emission Spectroscopy: The same as Figure 3, but for all nights of phase curve observations from CFHT combined. Here
we use an emission model with a water VMR of 10−3 and TiO VMR of 10−8 and the T-P profile of Nugroho et al. (2017). No observations
were performed during the orbital phase 0.44− 0.55 (which covers the planet’s secondary eclipse), so this section of each correlation map
is blank. In the right-most panel the recovered model injection is shown in teal. Note that the cross-correlation strength for this emission
data has been plotted in the negative for easy comparison to our transmission results.
Fp =
sin z + (pi − z) cos z
pi
(1)
where z is related to the phase φ, orbital inclination i,
and phase offset θ through:
cos z = − sin i · cos 2pi(φ− θ). (2)
To identify a signal from the planet’s atmosphere, we
phase-fold the correlation signal using all frames for the
emission spectra but only the in-transit frames for the
transmission spectra. The latter were selected by com-
puting a transit model based on Mandel & Agol (2002)
using the parameters outlined in Table 2. From here, the
treatments of emission and transmission data are sepa-
rate but follow identical steps.
We then shift the correlation signal to the planet’s rest
frame so as to correct for the planet’s radial velocity, the
star’s systemic velocity, and the Earth’s orbital motion
and rotation throughout the observations. Next we in-
terpolate the correlations onto a common velocity grid,
from −300 km/s to +300 km/s in steps of 1 km/s, and
sum the data points in time across all emission or trans-
mission observations. The result is a correlation map
that shows the strength of the signal at a range of sys-
temic velocities (Vsys) and planetary RV semi-amplitudes
(Kp). A strong model-correlation signal at Vsys = 0 and
the planet’s Kp indicates that a feature is present in the
planetary atmosphere.
By summing each point in the cross-correlation map in
velocity space, we produce a measurement of the model-
correlation strength as a function of Vsys. Again, we
expect to see a signal from the planet at Vsys = 0 if
an atmospheric feature is present. We show examples of
the procedure for transmission and emission models in
Figures 3 and 4, respectively.
4.3. Estimation of detection significance
We follow a similar method to that of Esteves et al.
(2017) and Deibert et al. (2019) when computing the
1σ and 3σ confidence levels of our results on a night-
by-night basis. For the emission data, we randomly as-
sign a frame to each phase value, and for the transmis-
sion data, we randomly assign an out-of-transit frame
to each in-transit phase value. We then perform the
cross-correlation and phase-fold the data, and repeat the
procedure 10,000 times. The 1-sigma confidence level is
computed by taking the 15.9 and 84.1 percentiles of the
resulting distribution, and the 3-sigma confidence level
uses the 0.13 and 99.87 percentiles. In Figures 6 through
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Figure 5. Emission Spectroscopy: The same as Figure 4, but for our phase curve observations using Keck.
Table 2
Planetary Parameters of WASP-33b
Parameter Value Referencea
Orbital Period (d) 1.21987 T16
Mid-Transit (BJD) 2456934.77146 J15
Semimajor Axis (AU) 0.0259 T16
Rp/R∗ 0.106 C10
a/R∗ 3.81 S17
Inclination (deg) 87.67 C10
Vsys (km/s) −1.5 N17
Kp (km/s) 239 N17
Phase Amplitude (ppm) 936 Z18
Phase Offset (deg) -12.8 Z18
a C10: Collier Cameron et al. (2010); J15: Johnson et al.
(2015); N17: Nugroho et al. (2017); S17: Stassun et al.
(2017), T16: Turner et al. (2016), Z18: Zhang et al.
(2018).
10 we compare these intervals to the correlation strength
of our data with and without the injected models. We
consider a candidate signal to be significant and to war-
rant further investigation if it surpasses 3σ, but note that
noise in the data can also produce pronounced features.
It is therefore crucial to handle candidate signals dili-
gently, which we address in the following section.
4.4. Model injection and recovery tests
To evaluate the detection limits of our observations
and our ability to constrain the atmospheric properties
of WASP-33b, we perform a series of model injection and
recovery tests. To do so, we again treat the emission and
transmission data separately. For the former we multi-
ply all frames by (1 +Fp/Fs), which is also scaled by the
brightness variation of the planet as a function of phase,
described in equation 1. For the transmission data, we
multiply only the in-transit frames by (1 − (Rp/Rs)2).
In both cases the model is multiplied into the extracted
spectra (i.e., before blaze correction, SYSREM, etc.) and
in the planet’s reference frame. We use the same models
described in Section 4.1, and align all spectra onto a com-
mon wavelength grid for the injection. We then perform
the same blaze correction and SYSREM application from
Section 3 and analyze the model-injected data using the
same Doppler cross-correlation method of Section 4.2.
By injecting models with a wide range of H2O and
TiO VMRs, we are able to discern the minimum VMR
at which our analysis is able to recover a signal, and
this allows us to constrain the properties of the planet’s
atmosphere.
5. RESULTS AND DISCUSSION
Based on our model injections (described in Section
4.4), we can constrain the composition of WASP-33b’s
atmosphere by considering the VMRs at which an injec-
tion cannot be recovered above 3σ. In Figures 6 through
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0.05
0.00
0.05
H2O : -1  TiO : -6
0.05
0.00
0.05
H2O : -1  TiO : -6
0.05
0.00
0.05
H2O : -2  TiO : -7
0.05
0.00
0.05
H2O : -2  TiO : -7
0.05
0.00
0.05
H2O : -3  TiO : -8
0.05
0.00
0.05
H2O : -3  TiO : -8
0.05
0.00
0.05
H2O : -4  TiO : -9
0.05
0.00
0.05
H2O : -4  TiO : -9
50 0 50
0.05
0.00
0.05
H2O : -5
50 0 50
 TiO : -10
50 0 50
0.05
0.00
0.05
H2O : -5
50 0 50
 TiO : -10
Vsys (km/s) Vsys (km/s)
Co
rre
la
tio
n 
St
re
ng
th
Co
rre
la
tio
n 
St
re
ng
th
Conservative 
T-P Profile
Nugroho+17 
T-P Profile
Figure 6. Transmission Spectroscopy: Phase-folded correlations for our transmission data with single molecule models. The two left
columns show correlations using models with the conservative T-P profile, while the two right columns use the T-P profile of Nugroho et al.
(2017). The VMRs on each subplot are given in log10(VMR). In black we show the data and in purple we display the model-injected data.
The dark shaded band represents the 1σ values for each data point, and the light shaded band represents the 3σ values.
8 we show the results of injecting single-molecule mod-
els, while in Figures 9 and 10 we inject models with a
combination of water and TiO.
5.1. Transmission results
An example of the correlations for our original and in-
jected transmission data is shown in Figure 3. Here we
use a transmission model with the T-P profile of Nu-
groho et al. (2017) and water and TiO VMRs of 10−3
and 10−8, respectively. The injected model can be seen
as a diagonal streak in the in-transit frames of the cor-
relation map in the top center panel. The slope is due
to the planet’s changing radial velocity during transit
relative to the systemic velocity. The signal is also visi-
ble at the Keplerian velocity of WASP-33b in the lower
panel. In the right-most panel, the phase-folded corre-
lation shows the strength of the recovered injection at
Vsys = 0. The original data, however, shows no signifi-
cant features (that is, > 3σ) in any of the plots.
In Figure 6 we inject single-molecule models to inter-
pret their individual effects. On the left we show the
results of injecting and correlating with a transmission
model with a conservative T-P profile, while on the right
we employ the T-P profile of Nugroho et al. (2017). Un-
fortunately, neither case allows us to place meaningful
constraints on the VMR of TiO or water vapor. Our
TiO results very nearly reach 3σ for higher VMRs, but
our H2O results hardly exceed 1σ for most models.
In Figure 9 we inject transmission models with a com-
bination of water and TiO molecules. Since the choice
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Figure 7. Emission Spectroscopy: Phase-folded correlations for our CFHT emission data with single molecule models. The two left
columns show correlations using models with the conservative T-P profile, while the two right columns use the T-P profile of Nugroho et al.
(2017), as in Figure 6. The recovered injections are plotted in teal. Note that we have plotted the cross-correlation strength for emission
data in the negative for easy comparison to our transmission results.
of T-P profile has only a minor impact on transmission
data and is secondary to the choice of VMRS (as seen in
Figure 6), we only show these results for the T-P profile
of Nugroho et al. (2017).
These multi-molecule models are likely much better
representations of the true spectrum of WASP-33b’s at-
mosphere, where the combination of water and TiO lines
could cause a reduction in contrast as lines potentially
blanket each other. However, these results show that
the VMR of water has a surprisingly minor impact on
the recovered signal strength for a given VMR of TiO:
Nearly all of the injections with a TiO VMR > 10−9 are
recovered with signals above 3σ, regardless of the water
VMR. While it is tempting to use these results to place
relatively deep constraints on the VMRs of TiO and wa-
ter, our single-molecule results suggest otherwise, since
we cannot individually detect TiO or water at a 3σ level
even with the highest VMRs considered.
In the Appendix we show these same multi-molecule
correlations without the rotational broadening term in-
cluded (described in Section 4.1.2). This exclusion gives
our models deeper line profiles, which increases the sig-
nificance of our recovered injections. This in turn pro-
duces lower constraints on the VMRs of water and TiO
than we achieve when rotational broadening is taken into
account.
Finally, we cross-correlated our multi-molecule injec-
tions with single-molecule transmission models. This
takes into account the blanketing of water lines by often
stronger TiO lines (and vice versa), and more closely re-
10 Herman et al.
0.02
0.00
0.02
H2O : -1  TiO : -6 0.005
0.000
H2O : -1  TiO : -6
0.02
0.00
0.02
H2O : -2  TiO : -7 0.005
0.000
H2O : -2  TiO : -7
0.02
0.00
0.02
H2O : -3  TiO : -8 0.005
0.000
H2O : -3  TiO : -8
0.02
0.00
0.02
H2O : -4  TiO : -9 0.005
0.000
H2O : -4  TiO : -9
50 0 50
0.02
0.00
0.02
H2O : -5
50 0 50
 TiO : -10
50 0 50
0.005
0.000
H2O : -5
50 0 50
 TiO : -10
Vsys (km/s) Vsys (km/s)
Co
rre
la
tio
n 
St
re
ng
th
Co
rre
la
tio
n 
St
re
ng
th
Day-side Night-side
Figure 8. Emission Spectroscopy: Phase-folded correlations for our Keck emission data with single molecule models using only the
T-P profile of Nugroho et al. (2017). We separate the data into day-side (left) and night-side emission (right) with the division at an orbital
phase of 0.8.
sembles the case where a complex planetary spectrum is
cross-correlated with a much simpler atmospheric model.
From this analysis we found that, while none of our recov-
ered transmission injections quite reached 3σ, the pres-
ence of water did not strongly effect the signal strength
when correlating with a TiO model. Conversely, the
presence of TiO made it impossible to detect water even
above a 1σ level when correlating with a water model.
This indicates that our present analysis is likely not sen-
sitive to water regardless of the assumed VMRs involved.
5.2. Emission results with CFHT
Figure 4 shows an example of the correlation steps for
our emission data from CFHT, using an emission model
with the T-P profile of Nugroho et al. (2017) and wa-
ter and TiO VMRs of 10−3 and 10−8, respectively. Here
the injected signal appears as a curved trace in the cor-
relation map due to the planet’s changing radial veloc-
ity throughout its orbit. The signal is also visible at
WASP-33b’s Keplerian velocity in the lower panel and at
Vsys = 0 in the phase-folded correlation panel. The origi-
nal emission data shown here is nearly devoid of any sig-
nificant signal with the exception of a small peak above
1σ at Vsys ∼ +7 km/s. Deviations from the mean by
more than 1σ are expected, and signals like this one are
likely due to noise in the data artificially correlating with
the tightly packed water and TiO lines in our model spec-
tra. Esteves et al. (2017) find that injecting their model
into pure white noise and then performing the correla-
tion gives rise to similar structure in their analysis of the
atmosphere of 55 Cnc e. Any candidate signals should
therefore be treated with caution.
In Figure 7 we show the single-molecule model injec-
tions for our CFHT emission data. The recovered injec-
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Figure 9. Transmission Spectroscopy: Phase-folded correlations for our transmission data, using a range of transmission models with
combined water and TiO lines of varying VMRs, and the T-P profile from Nugroho et al. (2017).
tions using the conservative T-P profile are weaker than
our transmission data, but those using the Nugroho et al.
(2017) T-P profile show clear upper limits on the TiO
and water VMRs in WASP-33b’s atmosphere, of 10−9
and 10−1 respectively. However, a water VMR of 10−1
suggests an atmosphere composed of 10% water, which is
likely unphysical. We address this in more detail below.
When we instead inject models with a combination of
TiO and water using this profile (Figure 10), we see that
the VMR of water still has a limited impact on the recov-
ered signal strength for a particular VMR of TiO, as in
the transmission results. Here, nearly all injections with
a TiO VMR between 10−9 and 10−7 are recovered above
the 3σ level, with little influence from the water VMR.
Comparing these findings to those of our single-molecule
emission injections, we may place an upper limit of 10−9
on the VMR of TiO within the planet’s atmosphere.
Given that all injections using the conservative T-P
profile have been unable to provide compositional con-
straints for the atmosphere of WASP-33b, we elect to
only show the multi-molecule emission injections with the
T-P profile of Nugroho et al. (2017). On a separate note,
however, in the Appendix we show our emission results
without rotational broadening, which shows lower VMR
constraints than those described here. This difference
is quite pronounced, much like that of our transmission
results discussed in the previous subsection.
As done for our transmission data, we additionally
correlated our multi-molecule emission injections with
single-molecule models to explore the effect of water lines
on the obtained VMR limit of TiO, and vice versa. We
found that the inclusion of water in our injections had
little impact on the obtained TiO limits. This effect can
also be seen quite clearly in Figures 9 and 10, where the
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Figure 10. Emission Spectroscopy: Phase-folded correlations for our CFHT emission data using model emission spectra with a range
in both water and TiO VMRs, and the T-P profile from Nugroho et al. (2017), as in Figure 9. Note that we have plotted the cross-correlation
strength in the negative so that comparison with transmission results is straightforward.
cross-correlation strength is nearly independent of wa-
ter abundance when the VMR of TiO is high, in both
emission and transmission. However, the limiting VMR
of water is significantly affected by the presence of TiO.
This is likely due to the blanketing of water lines by TiO
lines, and suggests that our present analysis is not sen-
sitive enough to water, regardless of the assumed VMRs
involved. We therefore only place an upper limit on the
VMR of TiO at 10−9, assuming that line blanketing by
water has a negligible effect.
5.3. Emission results with Keck
Before discussing the results of our Keck emission ob-
servations, we emphasize that these data spanned sig-
nificantly less observing time compared to the numerous
emission spectra obtained with CFHT, and the bright
day-side of the planet was also not in view during most
of the orbital phases covered by our Keck observations.
We therefore refrain from considering the following re-
sults to be on equal footing with the CFHT emission
results discussed above.
In Figure 5 we show the same correlation example for
our Keck emission data as Figure 4, described in the
previous subsection. In this case even the injected signal
cannot be recovered at a 3σ level for this combined water
and TiO model considered.
We show the single-molecule model injection results
using our Keck emission data in Figure 8. Since the
injections with the conservative T-P profile are not de-
tectable in our CFHT emission results, here we show
only the injections with the Nugroho et al. (2017) pro-
file. We split our observations into day-side (left panels)
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and night-side emission (right panels), with the dividing
line at an orbital phase of 0.8 such that they each include
96 frames.
The recovered injections in both the day- and night-
side provide little constraint on the VMR of water or
TiO with this T-P profile, as the injections cannot be
properly detected at the expected velocity. Even the 3σ
detection of the injected day-side signal at a TiO VMR
of 10−8 (second column, third row) is questionable, as
the recovered injection at most other velocities in this
panel also sits above 1σ, and injections with higher TiO
VMRs are not recovered.
For the night-side results, there are two important
points to consider. First, the brightness of the planet
is considerably lower during this portion of the planet’s
orbit; equation (1) suggests that at φ = 0.8, the planet
would only appear ∼ 11% as bright as its maximum
day-side brightness. And second, previous studies have
suggested that extremely hot exoplanets like WASP-33b
may experience inefficient heat redistribution to their
night sides (Cowan & Agol 2011; Perez-Becker & Show-
man 2013), so perhaps it is not unexpected that we detect
no clear emission from our night-side observations with
Keck. The signals nearing 3σ in Figure 8 are more likely
due to noise in the data, as discussed in Section 5.2.
Given the poor injection recovery we see in Figures 5
and 8 with our Keck data, we find it uninformative to
show additional model injections with combined water
and TiO molecules like we do for CFHT transmission and
emission data in Figures 9 and 10, as these provide no ad-
ditional clarity regarding the day- or night-side emission
observed with Keck.
5.4. Line list and T-P profile considerations
We now consider our transmission and emission injec-
tion results as a whole. While our analysis is not sensi-
tive to water, we are able to place a 3σ upper limit of
10−9 on the VMR of TiO in WASP-33b’s atmosphere.
Any VMR greater than this would have allowed us to
detect TiO with our Doppler cross-correlation method.
We do note, however, that we cannot exclude line list-
dependent effects. As previously mentioned, it is likely
that not all of the lines in the line list used are accurate,
and this could impact our detections (or lack thereof) in
both our model-injected and original spectra (e.g., Hoei-
jmakers et al. 2015). Particularly, it is possible that the
signal strengths of our recovered injections could be over-
estimated if the line list we use is imperfect.
We also note that this upper limit is only valid for
the T-P profile considered (i.e., the profile from Nugroho
et al. (2017)). That is, care must be taken when claiming
absolute abundances, as there is a strong degeneracy be-
tween molecular abundance and lapse rate (dT/d logP ),
which Doppler cross-correlation alone is insufficient to
resolve. Specifically, a decrease in abundance can largely
be compensated for by an increase in lapse rate, and vice
versa, and more sophisticated mapping of correlation val-
ues to likelihood is necessary to lift this degeneracy (e.g.,
Brogi & Line 2019). We therefore caution that claims
of absolute abundances can only be done for the unique
T-P profile selected.
5.5. Comparison to the literature
As discussed, two previous works investigated the com-
position and temperature structure of WASP-33b and
identified signs of TiO emission and a thermal inver-
sion from its day-side spectrum (Haynes et al. 2015;
Nugroho et al. 2017). Our non-detection of TiO is evi-
dently at odds with the 4.8σ signal identified by Nugroho
et al. (2017). However, they chose not to constrain the
VMR of TiO since their three highest detection levels
(VMRTiO = 10
−8, 10−9, 10−10) were all within 1σ of each
other.
We are also unable to substantiate the claim of a
thermal inversion layer (stratosphere) identified in pre-
vious day-side observations of WASP-33b. Haynes et al.
(2015) observed two occultations using low-resolution
spectroscopy while Nugroho et al. (2017) employed high-
resolution spectroscopy to perform a single phase curve
observation. In comparison, we amassed five observa-
tions of WASP-33b’s day-side emission, one observation
of its night-side emission, and two observations of its
transmission spectrum, all using high-dispersion spec-
troscopy. It therefore seems unlikely that insufficient
data is to blame for the discrepancy between our results.
Instead, perhaps we should carefully consider the atmo-
spheric models employed in these analyses. Neither of
the two T-P profiles employed in our models was able
to provide any clarity as to the temperature structure of
WASP-33b’s atmosphere given our non-detection. If a
thermal inversion truly is present due to high tempera-
ture absorbers like TiO, as Haynes et al. (2015) and Nu-
groho et al. (2017) suggest, then the VMR of TiO must
be at a lower level than we can detect with our present
models and the T-P profiles selected.
It is possible, but unlikely, that the difference in phase
coverage between our observations and those of Nugroho
et al. (2017) could account for this discrepancy; based
on their Figure 13, the strongest cross-correlation sig-
nal occurs at an orbital phase < 0.3, which is not ade-
quately covered by our observations of WASP-33b with
either CFHT or Keck. We would find such an explana-
tion puzzling, however, since the hemisphere visible at an
orbital phase just under 0.3 has significant overlap with
our three CFHT observations between phases 0.3 and 0.5.
Furthermore, the planet’s brightness (and therefore the
expected contrast) peaks much closer to the secondary
eclipse (Zhang et al. 2018).
We also cannot exclude line list-dependent effects as
the cause of discrepancies, and we stress the importance
of accurate line lists in these investigations. To verify
that our TiO line list was sufficiently accurate for our
analyses, we performed a cross-correlation using the same
emission model Nugroho et al. (2017) used to positively
identify TiO in their emission data (VMRTiO = 10
−8)
applied to our five separate emission observations with
CFHT, and found no detection (model supplied by S. Nu-
groho, private communication). Our models were sim-
ilarly validated by S. Nugroho, who recovered a weak
signal by cross-correlating our models with their emis-
sion data. To further demonstrate the validity of our
analysis, we cross-correlated the emission spectra from
Nugroho et al. (2017) taken with the High Dispersion
Spectrograph on the Subaru telescope (data provided by
S. Nugroho, private communication) with their model,
and recovered a detection in their data set. While these
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comparisons provide little explanation for the lack of de-
tections in our own observations, they do suggest that
the TiO line list we use is unlikely to be the root of the
problem. Additionally, the success of our injection tests
indicates that our data reduction and analysis procedures
are certainly capable of recovering a signal, if present.
Notably, this is not the first time WASP-33b’s poten-
tial thermal inversion has come into question; von Essen
et al. (2015) also could not rule out atmospheric models
with or without a temperature inversion based on their
optical and NIR observations of the planet’s secondary
eclipse. A handful of investigations of other hot Jupiters
have highlighted similar uncertainties regarding atmo-
spheric structure. For instance, HD 209458b was the first
exoplanet reported to have an inversion layer (Knutson
et al. 2008), but that claim was later refuted following
conflicting evidence (Diamond-Lowe et al. 2014; Zellem
et al. 2014; Schwarz et al. 2015). Similarly, WASP-12b,
one of the most highly irradiated exoplanets known, was
predicted to harbor a strong thermal inversion but ob-
servations have so far been unable to confirm it (Mad-
husudhan et al. 2011; Crossfield et al. 2012). WASP-33b
appears to fall into both of these categories based on our
findings, defying both theoretical prediction and previous
detection of a thermal inversion caused by atmospheric
TiO.
6. CONCLUSIONS
With nearly 34 cumulative hours of observations using
ESPaDOns on CFHT and HIRES on Keck, we explored
the day- and night-side emission as well as transmission
spectra of WASP-33b. We analyzed these high-resolution
spectra using the Doppler cross-correlation technique, in-
vestigating a possible thermal inversion and molecular
signatures of TiO and water vapor in the planet’s atmo-
sphere, but were unable to constrain the VMR of wa-
ter or substantiate previous TiO detections reported by
Haynes et al. (2015) and Nugroho et al. (2017). Our
results instead place a 3σ upper limit of 10−9 on the vol-
ume mixing ratio of TiO for the T-P profile we consider,
assuming line blanketing by water has a negligible effect.
This calls into question our understanding of the at-
mospheric structure and composition of WASP-33b and
other highly irradiated planets like it, especially because
these sorts of results are highly dependent on the line
lists and T-P profiles employed. It is crucial that we
keep these limitations in mind as we continue to develop
advanced techniques for characterizing exoplanet atmo-
spheres, particularly in the upcoming era of the James
Webb Space Telescope.
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APPENDIX
In the first three figures we display examples of the data reduction process (see Section 3) as applied to our transmis-
sion, CFHT emission, and Keck emission data sets. Each figure shows the raw data separated into spectral orders (top
panel), the results of our cosmic ray and blaze correction (second panel), the results of three iterations of SYSREM
applied to the data (third panel), and the standard deviation of the reduced spectra (bottom panel).
In the next two figures, we show additional examples of the model transmission and emission spectra used in our
analysis (see Section 4.1), this time for single molecules with individual ranges in their VMRs. For an example of our
model spectra containing a combination of water and TiO molecules, we refer the reader to Figure 2.
In the last two figures, we show our CFHT transmission and emission cross-correlation results using multi-molecule
models with the T-P profile of Nugroho et al. (2017), as in Figures 9 and 10, but without the rotational broadening
term described in Section 4.1.2. Excluding this from our models produces much deeper spectral line profiles, which
increases the significance of our recovered injections. This results in lower VMR constraints for water and TiO for
both transmission and emission data sets.
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Figure 11. The data reduction process as described in Section 3, applied to our first night of transmission observations with CFHT. The
first three and last two orders are not shown, as these were not used in our analysis due to noisy data on these outer edges. Top: The
raw data following the initial reduction pipeline at the telescope, separated into individual orders. Second from the top: Results of cosmic
ray and blaze correction (Section 3.2). Third from the top: Resulting spectra after three iterations of SYSREM (Section 3.3). Bottom:
The standard deviation of each data point in the reduced spectra included in our analysis. The greyed out orders are excluded from our
later analysis due to either high RMS, or poor correlation between the TiO line list and M-dwarf spectra at these wavelengths based on
McKemmish et al. (2019).
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Figure 12. The data reduction process applied to our first emission observation with CFHT, with problematic orders greyed out as in
Figure 11.
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Figure 13. The data reduction process applied to our single night-side emission observation with Keck, with problematic orders indicated
as in Figure 11.
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Figure 14. Transmission Models: Examples of the single-molecule transmission spectra models used in our analysis. Each subplot is
labeled with the VMR of the molecule given in log10(VMR). The models in the two left columns use the conservative T-P profile, while
the two right columns use the T-P profile from Nugroho et al. (2017).
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Figure 15. Emission Models: Examples of the single-molecule emission spectra models used in our analysis, separated and labeled as
in Figure 14.
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Figure 16. Transmission Spectroscopy: The same as Figure 9, but without a rotational broadening term applied to the models.
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Figure 17. Emission Spectroscopy: The same as Figure 10, but without a rotational broadening term applied to the models.
